Electrical parameters of spinal motoneurons were estimated by optimizing the parameters of motoneuron models to match experimentally determined impedance functions with those of the models. The model was described by soma area, somatic and dendritic membrane resistivities, and the diameter of an equivalent dendritic cable having a standard profile. The impedance functions of motoneurons and optimized models usually differed (rms error) by < 2% of input resistance. Consistent estimates for most parameters were obtained from repeated impedance determinations in individual motoneurons; estimates of dendritic resistivity were most variable.
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Estimating electrical parameters of motoneurons p. 6 simulated annealing algorithm, followed by the gradient-based algorithm "frprmn" (Press et al. 1992 ).
The starting points for simulated annealing were based on systematically perturbed parameter values of model motoneurons based on data of Fleshman et al. (1988) ; there were 8 different starting points for each of the six models. A moderate tolerance (1e-4) was used in these fits. The 12 parameter sets out of the 48 that provided the best fits (least squared error)
were selected, and parameter averages from all sets of 5 in this group of 12 were determined.
Least-squared errors between model and experimental impedance functions were recalculated using these parameter averages, and the set of averages that provided the best fit was accepted as the final model parameters. This strategy achieved good fits while minimizing computation time with multiple starting points. Parameter variability within the set of five used for this average was determined to ensure that parameters were from a neighborhood around the best-fit averages.
Upper and lower bounds were placed on each parameter to ensure that unphysiological parameter values were not selected. To implement these boundary conditions, the parameter set was mapped to a sigmoid function:
In this equation, p i is the value of the i th parameter (e.g., R ms , D eq , etc.); b i is the minimum allowable value of the parameter p i ; a i is the difference between the maximum and minimum values of p i ; and y i is the value actually adjusted in the optimization routines. This mapping converts a constrained optimization problem (a i ≤ p i ≤ b i ) into an unconstrained problem (-∞ < y i < ∞) and permits a parameter to approach its bound without encountering a discontinuity, ensuring stability (see D'Aguanno et al, 1986 , for a related approach).
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Bounds for R md were based on the estimates of Fleshman et al. (1988) and Clements and Redman (1989) . Since this data set is small (12 cells), the bounds were extended twofold to 3.5 -70 kΩcm 2 . These studies report R ms estimates that are much smaller than R md (β >> 1), but values of β closer to 1 have been observed (Campbell and Rose 1997). Thus we set the lower bound of β to 1, or R ms = R md , and the upper bound to 999. When using sigmoidal models, ranges of 50 -6000 Ωcm 2 were used for R ms and initial R md , and 12.5 -108 kΩcm 2 for final R md .
These values were extended from those reported by Fleshman et al. (1988) .
D eq bounds -16.5 to 62.3 µm -were set to match reported dendritic surface areas (Cullheim et al. 1987, Ulfhake and Cullheim 1988 Voltage-dependent conductance magnitude, G V , was given broad limits: from 0 to 5 times somatic conductance, if somatic, or to 600 µS/cm 2 , if uniformly distributed. The time constant of the voltage-dependent conductance, τ v , was given a range from 0.1 to 75 ms. These limits were determined by the bandwidth of the noise used and the duration of segments of data analyzed.
Using a relaxed upper bound for τ V (500 ms) in our initial estimations sometimes yielded long values of τ V with large G V values and unrealistically low impedances at frequencies < 1-2 Hz.
When a pair of conductances was used (see Results), τ v limits were set at 0.1 to 10 msec and 10 to 75 msec, respectively.
The optimizations were implemented using a C program on Pentium-based personal computers. Parameter optimization for each impedance record typically took 50 to 60 minutes 
RESULTS

Parametric fits to impedance functions
Parametric fits were attempted for 44 impedance functions obtained from 32 motoneurons. Acceptable fits were obtained for 36 impedance functions (25 motoneurons), with error < 40 kΩ or < 2.5% input resistance (rms error, square-root of average squared difference between model and measured impedance functions). A four-parameter passive model was less satisfactory for many neurons than models that included a voltage-dependent conductance. The impedance magnitude of passive models declines monotonically with frequency, but the magnitude of experimental impedance functions often (23 of 44) exhibited a short rise before starting to decline at 10-20 Hz ( Figure 1A ). The phase of impedance functions with this characteristic also displayed a small lead at low frequencies ( Figure 1B ), unlike the passive models. These characteristics were adequately fit using a model that included a voltagedependent conductance (G V ; dotted lines in Figure 1 ). The impedance function of this model, the impedance function of this model with the effect of G V removed (dashed-dotted line), and the impedance function fit to a passive model (dashed line) coincided at frequencies > 100 Hz.
Impedance estimates were less certain at the low frequencies in which G V effects were greatest, as indicated by lower coherence values ( Figure 1C ), but the common occurrence of these effects indicates they are genuine features of motoneuron impedance. The remaining impedance
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Estimating electrical parameters of motoneurons p. 9 functions tended to be flatter, with slight leads or smaller lags at low frequencies than predicted by the passive models, and models with G V better described many of these. Figure 1 gives an example one of the best fits (cell 11, type FF, rms error = 4.7 kΩ, 0.7% of R in ). The mean rms error for acceptable fits was 11.9 kΩ (1.0%). Examples of impedance magnitude and phase for an average fit (cell 25, type FF, rms error = 11.3 kΩ, 1.1%) and for one of the worst acceptable fits (cell 22, type FF, rms error = 19.5 kΩ, 2.1%) are shown in Figure   2A ,B and 2C,D, respectively. (Figure 3 ). The time constant of the voltage-dependent conductance (τ V ) was longer (9.5 to 71 ms) for the 8 cases in which the uniform models provided better fits, and shorter (0.9 to 3.3 ms) for the 3 cases in which the fit was better using the somatic model. We proceeded with the assumption that motoneurons with τ V less than 5 ms were described better by the somatic model, while motoneurons with τ V greater than this value were described better by the uniform model.
Models with two voltage-dependent conductances, one with a short time constant
confined to the soma, and one with longer time constant that was uniformly distributed, did not provide better fits than models with a single voltage-dependent conductance, except in one case 
